While neurogenesis in the adult hypothalamus is now known to be essential for proper function, 25
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121
Hedgehog responsive cells in the adult hypothalamus are proliferative neural precursors. 122 123 We first took advantage of a suite of transgenic reporter lines to characterize cells that are 124 actively engaged in Hh signaling in the adult brain ( Fig. 1) . Cells receiving Hh signaling (Hh 125 responsive (Hh-R) cells) in the brain were visualized using transgenic reporter lines that express 126 either GFP or mCherry under the control of the regulatory region of the ptch2 gene, a 127 transcriptional target of Hh signaling (Shen et al., 2013) , while Sonic Hh (Shh)-producing cells 128
were visualized using the Tg(shha:GFP) transgenic line (Neumann & Nuesslein-Volhard, 2000 ) 129 ( Fig. 1 ). Using modified CLARITY tissue clearing protocols (Isogai, Richardson, Dulac, & 130 Bergan, 2017) and light sheet microscopy we obtained whole-brain images of adult Tg(GBS-131 ptch2:NLS-mCherry;shha:GFP ) double transgenic fish, revealing that Hh-responsive (Hh-R) 132
cells are adjacent to Shh producing cells in the posterior (PR) and lateral (LR) recesses of the 133 hypothalamic ventricle (Fig. 1B) . in situ hybridization confirmed that the ptch2 reporter lines 134 accurately report Hh signaling in the larval and adult brain, with shh, ptch2 mRNA and the Gli 135 transcription factors being expressed in ventricular regions (Supplemental Fig. 1 ). BrdU labeling 136 of sagittal tissue sections revealed that Shh-producing cells are proliferative, have radial glial 137 morphology, and that Shh-producing cells of the LR extend processes toward the PR (Fig. 1C ). 138 Similarly, Hh-responsive cells have radial morphology with processes that extend to the 139 hypothalamic ventricle (Figs. 1D-H). Approximately 12% of these Hh-responsive cells in the 140 adult PR are proliferative as revealed by expression of the Proliferative Cell Nuclear Antigen 141
(PCNA) as well as BrdU incorporation (Fig. 1D, Fig. 3 ). A subset of Hh-R responsive cells of the 142 posterior recess express the glial markers s100ß ( Fig. 1E ) and GFAP ( Fig. 1F ), while all appear 143 to express the neural progenitor transcription factor Sox2 ( Fig. 1G ), consistent with neural 144 progenitor identity. These cells give rise to neurons as shown by labeling with an antibody to the 145 neuronal protein HuC (Park et al., 2000) (Fig. 1H ). Together, these data show that a subset of 146 radial glial cells in hypothalamic ventricular zones are responsive to Hh signaling in adults, and 147 that these cells are both proliferative and neurogenic. These cells thus represent a previously 148 undescribed population of neural precursors in the developing and mature vertebrate 149 hypothalamus. 150 151
Hedgehog signaling positively regulates hypothalamic neural precursor proliferation. 152 153
To determine if Hh signaling affects adult neurogenesis we injected adult fish with the Hh 154 inhibitor cyclopamine (CyA) (Incardona, Gaffield, Kapur, & Roelink, 1998 ) and assayed cell 155 proliferation using PCNA antibody labeling and BrdU incorporation. These cyclopamine 156 treatments dramatically reduced ptch2 transcription as assayed by in situ hybridization 157 (Supplemental Fig. 1 ), however green fluorescence was still visible in Hh-responsive cells after 158 24 hours of CyA treatment due to the persistence of the GFP protein ( Fig. 2A,B ). These IP 159 injections of 80µM CyA reduced proliferation throughout the hypothalamus 24 hours later, with 160 quantification of the posterior recess revealing an approximately 50% reduction in both BrdU 161 and PCNA labeled cells (Fig. 2C) . 162
We next turned to larval stages to facilitate gain-and loss-of function analyses of Hh function in 163 the hypothalamus. As in adults, Shh-producing and Hh-responsive cells were distributed 164 throughout the hypothalamic ventricle zones ( Fig. 2D) , with a subset being proliferative as 165 revealed by PCNA labeling or BrdU incorporation ( Fig. 2D , inset). CyA-mediated inhibition of 166
Hh signaling at larval stages (6 dpf) reduced proliferation throughout the brain, with proliferation 167 rates dropping by approximately 75% in both the posterior and lateral recesses of the 168 hypothalamus ( Fig. 2E-G) . We saw no evidence of increased cell death in the hypothalamus of 169 these CyA treated larvae, as assayed using an activated-Caspase3 antibody, although we did 170 observe an intriguing increase of cell death in the dorsal tectum following CyA treatments 171 (Supp. Fig. 2 ). 172 173
To verify the specificity of this effect we next used the two-part Tet-On system in zebrafish 174 (Campbell, Willoughby, & Jensen, 2012) , providing spatiotemporal control of Hh signaling levels 175 (Fig 2) . We previously demonstrated that expression of a truncated Gli2a transcription factor 176 (Gli2aDR) dominantly represses Hh signaling at the transcriptional level, while expression of 177
Shh or the full-length Gli1 transcription factor activates Hh signaling (Karlstrom et al., 2003; 178 Shen et al., 2013) . Expression of the Gli2aDR protein in Hh-responsive cells (Tg(GBS-179 ptch2:RTTA-HA) driver line) at 3 dpf resulted in a 25% reduction in hypothalamic proliferation 180 within 12 hours of transgene activation ( Fig. 2I 2011). The fact that Hh-responsive cells and nestin positive cells have different cellular 208 distributions and proliferative profiles (Fig 3 A,B ) indicates that these cells are largely distinct. 209
The persistence of GFP (X. Wang et al., 2012) and mCherry fluorescent proteins in the 210 TgBAC(nes:EGFP) and Tg(GBS-ptch2:NLS-mCherry) lines allowed us to test the idea that 211 these two transgenes might be sequentially expressed in the same cells as they progress 212 through the stem cell activation-proliferation-differentiation pathway (Obernier & Alvarez-Buylla, 213 2019). We found that approximately 17% of mCherry expressing (i.e. Hh-responsive) cells in the 214 periphery of the ventricular zone also contained GFP, indicating that these cells express, or 215 previously expressed, the nes:EGFP transgene ( Fig. 3C ). 216 217
To experimentally determine the relative proliferation levels of nestin-expressing and Hh-218 responsive radial glia in the hypothalamus we performed BrdU pulse-chase experiments on 219 nestin:GFP and ptch2:EGFP transgenic fish ( Fig. 3 ). TgBAC(nes:EGFP) (Ganz et al., 2010) or 220 Tg(GBS-ptch2:EGFP) (Shen et al., 2013) adults were treated with 10 mM BrdU for two days at 221 47 dpf and examined 32 days later to identify cells that retained the BrdU label, as well as cells 222 that were proliferative at the time of fixation, as determined using the anti-PCNA antibody ( Fig. 3  223 D-G). Consistent with low proliferation rates associated with activated stem cells, adult nestin-224 expressing cells in the PR very rarely (21/3853 cells counted, <1% of cells) expressed the 225 proliferative marker PCNA, with approximately 2% of these cells retaining the BrdU label over 226 the 1-month chase period, indicating they had gone through S-phase of the cell cycle one month 227 earlier ( Fig. 3D,F) . Again, over 10% of Hh-responsive cells in the adult PR were found to be in 228 G1/S/G2 of the cell cycle at the time of fixation based on PCNA expression, and approximately 229 5% of Hh-responsive cells had retained some BrdU label following the chase period, indicating 230 they had progressed through S-phase of the cell cycle 1 month earlier. Fluorescent intensity of 231
BrdU labeling in these label-retaining Hh-responsive cells was significantly lower than that in the 232 BrdU+/nestin+ population ( Fig. 3G ), suggesting the Hh-responsive cells had undergone cell 233 division(s) subsequent to the BrdU pulse period, thus reducing amount of the BrdU label in 234 these cells. Together, these results support the hypothesis that nestin-expressing radial glia of 235 the posterior recess represent a relatively slow cycling population while the Hh-responsive 236 population represents a more rapidly cycling (e.g. Type III or transit amplifying stem cells) 237
progenitor cell population. 238 239
Hh, Wnt, and Notch signaling in hypothalamic progenitors. 240 241
To explore potential interactions between Hh and other signaling pathways that control 242 neurogenesis in the hypothalamus, we next determined the spatial relationship between Hh, 243
Wnt as well as notch1b and deltaB (data not shown) probes revealed that Notch signaling is active 259 in the LR and PR of the hypothalamic ventricle. The FGF target gene erm (Fig. 4C ), as well as 260 the gene encoding the retinoic acid binding protein Crabp1a (Fig. 4D ), are also expressed in the 261 adult PR, suggesting these signaling systems are actively involved in precursor regulation. A 262 schematic summarizing the signaling environment of the adult posterior recess, as defined by 263 these expression analyses, is shown in Fig. 4E . 264 265 We next examined whether the pattern observed in adults is be similar to that seen in the larval 266 brain. Whole mount imaging revealed that Wnt-responsive and Hh-responsive progenitors are 267 distributed throughout the PR, but these signaling systems appear to be largely acting on 268 distinct cells, as indicated by the lack of co-expression in the Wnt and Hh-reporter lines ( distributed pattern similar to that of Nestin expressing cells and this Notch-responsive 274 population appears to be largely distinct from the Hh-responsive population ( Fig. 4G ). Finally, 275
we observed that larval Nestin-expressing and Hh-responsive cell populations represent largely 276 distinct precursor populations, but again with a small number of co-expressing cells ( Fig. 4H  277 arrowheads). Together, these results show that at least five embryonic cell-cell signaling 278 systems, Hh, Wnt, FGF, RA, and Notch, persist throughout life and act on distinct radial glia 279 populations in the posterior recess of the hypothalamus. The presence of a small number of co-280 labeled cells in double-transgenic larvae suggests that a subset of cells receive signals from 281 multiple signaling systems, either simultaneously or sequentially. A schematic summarizing 282 these data and the signaling environment of the larval posterior recess is shown in Fig. 4I . 283 284
Hh-responsive cells are pluripotent neural progenitors that give rise to dopaminergic, 285
GABAergic, and serotonergic neurons. 286 287
To determine which neuronal subtypes are produced by Hh-responsive progenitors we 288
crossed Tg(GBS-ptch2:NLS-mCherry) carriers to transgenic lines that express GFP in 289 dopaminergic, all monoaminergic, GABAergic, or glutamatergic neurons. The persistence of 290 fluorescent proteins for up to several days after termination of transgene transcription serves as 291 a short-term lineage tracer and was used by others to demonstrate that Wnt-responsive cells in 292 the PR give rise to both GABAergic and serotonergic neurons (X. Wang et al., 2012) . Co-labeled dopaminergic cells were seen in both the lateral recess and posterior recess while 300 co-labeled GABAergic cells were restricted to the lateral recess. In general, mCherry 301 fluorescence was less intense in co-labeled cells, consistent with diminished quantities of 302 mCherry protein that would be expected if these cells were no longer actively expressing the 303 GBS-ptch2:NLS-mCherry transgene (i.e. were no longer Hh-responsive). We did not observe 304 co-labeled cells in Tg(GBS-ptch2:NLS-mCherry;slc17a6b:GFP) double transgenic larvae, 305
suggesting Hh-responsive cells may not give rise to glutamatergic neurons (data not shown). 306 Finally, we used an anti-Serotonin antibody to label Serotonergic neurons in the Tg(GBS-307 ptch2:NLS-mCherry) line and found co-labeled cells in the PR, suggesting that Hh-responsive 308 cells give rise to serotoninergic neurons ( Fig. 5D ). Together, these data reveal that Hh-309 responsive proliferative precursors are multipotent and can contribute to dopaminergic, 310 serotonergic, and GABAergic populations in the hypothalamus. 311 312
Hh signaling regulates serotonergic cell numbers in the hypothalamus. 313 314
To determine if Hh signaling levels influence the generation of serotonergic cells in the 315 hypothalamus we again employed our Tet-On Hh signaling transgenic lines. To facilitate 316 antibody labeling, these experiments were terminated at 6 and 7 dpf. To repress Hh signaling 317 levels in larval fish we crossed fish carrying the GBS-ptch2:RTTA driver transgene to fish 318 carrying the biTETRE:gli2aDR,NLS-mCherry effector transgene and applied doxycycline to 5 319 dpf larvae for 24 or 48 hours to activate transgene expression. Activation of the Gli2DR 320 transcriptional repressor prevented the addition of additional serotonergic neurons, with 321 Gli2DR/mCherry expressing double transgenic larvae having 10% and 34% fewer serotonergic 322 cells at 6 dpf and 7dpf, respectively, compared to non-mCherry expressing siblings at these 323 same ages (single-transgenic or non-transgenic) ( Fig. 5 While approximately 10% of Hh responsive cells were found to be proliferative in adults, we also 352 found a substantial number of Hh-responsive cells that retained a BrdU label for more than a 353 month (Fig. 3E ). This indicates substantial heterogeneity in the proliferative rates of Hh-354 responsive cells that could be due to dose-dependent responses to Hh ligands and/or cross 355 regulation by as yet unidentified mechanisms. Given the local and distant sources of Shh in the 356 PR region, Shh producing cells may act as key modulators of hypothalamic proliferation rates, 357
both globally to support hypothalamic growth and tissue renewal, and regionally to regulate 358 region specific growth rates and to control the generation of specific cell types needed for 359 hypothalamic function. Indeed, loss of Hh signaling in larvae led to both reduced proliferation 360 rates and the reduction in the size of the serotonergic population. These data suggest that 361 regulation of Hh signaling levels could play a role in life-long hypothalamic plasticity and 362 function. 363 364
Hh-signaling and Hypothalamic Stem Cell Progression 365 366
We show that Nestin-expressing radial glia represent a relatively slow cycling progenitor 367 population that retains BrdU label for one month, thus resembling quiescent/activated neural 368 stem cells in more dorsal regions of the mammalian brain (Ming & Song, 2011) (Wang et al., 369 2011). The fact that a small percentage of nestin expressing cells were also PCNA positive is 370 consistent with the nestin cells representing an early activated neural stem cell population 371 (Daynac et al., 2016) . In the zebrafish and mammalian telencephalon Notch signaling acts to 372 keep stem cells in a quiescent state, with inhibition of Notch activating these cells as a first step 373 in the stem cell proliferation pathway (Carlen et al., 2009 ). We show that Notch signaling is 374 active in the hypothalamic ventricular zone throughout life and that Nestin-expressing and 375
Notch-responsive cells are distributed throughout the posterior recess in a pattern that is distinct 376 from the Hh-responsive population (Fig. 4) . The relative numbers of cells, proliferation rates, 377
and distribution of these cell types is consistent with a role for Notch in regulating early steps 378 We observed that a small percentage of nestin expressing cells were Hh responsive, with 383 relative fluorescent protein intensity consistent with the Hh-response occurring in cells that 384 previously expressed Nestin. Combined with the finding that Hh-responsive cells are more 385 highly proliferative than their neighboring nestin-responsive cells, this suggests a model in which 386
Hh/Gli signaling begins in the activated stem cell population and regulates subsequent 387 proliferation rates in a Hh-responsive transit amplifying population, likely acting as a mitogen to 388 regulate cell cycle progression. Hh signaling was recently shown to shorten G1 and S-G2/M 389 portions of the cell cycle in the mammalian sub ventricular zone, results that were interpreted as 390
showing a role in neural stem cell activation (Daynac et al., 2016) . However, these mammalian 391
data are also consistent with a role for Hh signaling in precursor amplification, similar to the role 392 we show here in the hypothalamus. 393 394
The hypothalamic posterior recess: a complex neural progenitor niche regulated by 395 multiple signaling molecules 396 397
In 
Generation of Tet-On Hedgehog-pathway manipulation transgenic lines 458
Transgene constructs were constructed using Gateway cloning system. The destination and 459 entry clones containing EGFP or mCherry were from the zebrafish Tol2kit systems (Kwan et al., 460 2007; Villefranc, Amigo, & Lawson, 2007) . Entry clones for the Hh-pathway specific elements 461 are described in (Shen et al., 2013) and entry clones with Tet-On system elements were 462 generously provided by the Jensen lab (Campbell et al., 2012) . Briefly, 25 pg of purified plasmid 463
DNA was injected to one-to two-cell zebrafish embryos with 25 pg of transposase mRNA. 464
Injected fish were raised to adulthood and out-crossed to wild-type individuals to identify 465 potential founder fish. The transgenic fish containing the myl7:EGFP transgene were identified 466 by GFP expression in heart; other lines were PCR genotyped using the primer sets shown in 467 Table 2 . 468 469 images were collected as optical sectioned z-stacks using a Zeiss Lightsheet Z1. Cell numbers 482 and fluorescent intensity were quantified manually using ImageJ software (NIH) on single optical 483 sections. Cells were outlined and the mean fluorescent intensity for each cell was calculated by 484 drawing a circle of defined area through the brightest plane containing the nucleus. 485 486
Cyclopamine (CyA) 487 3-7 day old larvae were exposed to 75-100µM cyclopamine (Toronto Chemical) (Incardona et  488 al., 1998) by adding 10 µl of 10 mM stock solution (CyA dissolved in DMSO) to 1 ml of embryo 489 rearing medium (Westerfield, 2007) in 12 well tissue culture plates (~10 larvae/well) at 28.5 °C. 490
Control larvae were treated with equal volumes (10 µl) of DMSO. Adults were injected 491
intraperitoneally with a concentration of 0.2mg/ml in a volume of 25 µl (10 mg/kg) CyA in DMSO 492 (Reimer et al., 2009 ). Control animals were injected with DMSO. 493 494
Conditional Gene activation using the Tet-On system. 495
Progeny derived from adults carrying an RTTA-encoding driver transgene (Tg(GBS-496 ptch2:RTTA-HA)) or Tg(actb2:RTTA-HA;myl7:EGFP) and a TRE-containing effector transgene 497
(Tg(TETRE:shha-mCherry; myl7:EGFP), Tg(biTETRE:gli1,NLS-mCherry) or 498
Tg(biTETRE:gli2aDR,nls-mCherry) were sorted by GFP expression in the heart (myl7:EGFP 499 transgene containing lines). RTTA-mediated gene expression was activated in 3-4 dpf larvae by 500 adding 50µg/mL (final concentration) doxycycline to system water (commonly used embryo 501 media contained calcium and magnesium and can cause precipitation of doxycycline). 502
Doxycycline-containing water was replaced every 12 hours. Double transgenic embryos were 503 identified by the presence of mCherry fluorescence using a Leica fluorescent dissecting 504 microscope. 505 506
Bromodeoxyuridine (BrdU) and Ethynyldeoxyuridine (EdU) Labeling 507 3-7 day old larvae were bathed in 10mM BrdU or 3.3mM EdU for 1-3 hours, while adults were 508 bathed for 2 days in 10 mM BrdU dissolved in 0.5% DMSO. Stocks solutions were 100mM and 509 33.3mM, respectively. Following fixation in 4% PFA BrdU was detected in tissue sections using 510 the rat anti-BrdU (Abcam) or mouse anti-BrdU G3G4 (Developmental Studies Hybridoma Bank) 511
antibodies at dilutions of 1:300 and 1:10, respectively. EdU was detected in fixed, dissected 512 larval brains as described in the Click-It EdU Labeling kit (Invitrogen). 513 514
Immunohistochemistry and in situ hybridization 515
Whole-mount larval immunohistochemistry was performed as in (Guner & Karlstrom, 2007) with 516 a few changes. For anti-PCNA labeling dissected whole larval brains were incubated in 1x 517
Histo-VT One (Nacalai Tesque) for 60 min at 65 °C as in (Than-Trong et al., 2018). For anti-518 serotonin labeling dissected brains were digested in 60ug/ml proteinase K for 30 minutes at 519 room temperature before proceeding for whole mount immunohistochemistry. 520
Immunohistochemistry on sectioned larval and adult tissue was performed as in (Barresi, 521 Hutson, Chien, & Karlstrom, 2005) . Primary antibodies used were: rabbit anti-serotonin 522
(1:1000, #20080, ImmunostarInc, WI, USA), mouse anti-S100β ( Liu et al., 2005) , shha (Krauss, Concordet, & Ingham, 533 1993), ptch2 (Concordet et al., 1996) , and gli1, gli2a, and gli3 (see (Devine et al., 2009 ). 534 535
Statistical Analyses 536
Cell numbers are represented as mean ± SD (standard deviation). Statistical significance is 537 defined as * p ≤ 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. Student's t-test was used for 538 pairwise comparisons between two groups. One-way ANOVA with Tukey's multiple 539 comparisons (Prism 6.0 GraphPad software) was used to determine statistical significance of 540 multiple comparisons. 541 542
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